Several lines of evidence demonstrate the relationship between vitamin E deficiency and cognitive dysfunction in rodent models, but little is known about the underlying mechanisms. In this study, we found axonal injury in the hippocampal CA1 region of vitamin E-deficient and normal old mice using immunohistochemical assay. The number of cells in the hippocampal CA1 region of vitamin E-deficient mice and normal old mice was significantly lower than in normal young mice. It is well known that collapsin response mediator protein (CRMP)-2 plays a crucial role in the maintenance of axonal conditions. The expressions of CRMP-2 in the cerebral cortex and hippocampus of vitamin E-deficient mice were significantly lower than both the regions of normal ones. In normal old mice, the expression of CRMP-2 in the cerebral cortex was significantly lower than in the normal ones. In addition, the appearance of microtubule-associated protein (MAP)-light chain 3 (LC3), a major index of autophagy, was higher in the cerebral cortex and hippocampus of vitamin E-deficient mice than in normal young and old mice. These results indicate that axonal degeneration is induced in living tissues, but not cultured cells, and that changes in CRMP-2 and MAP-LC3 may underlie vitamin E-deficiency-related axonal degeneration.
Vitamin E is a common natural lipophilic vitamin. One pivotal function of vitamin E is as an antioxidant (1) , and vitamin E plays a role as a radical scavenger (2) (3) (4) . Several lines of evidence demonstrate that vitamin E deficiency increases the risk of development and progression of serious diseases in human and animal models (5) (6) (7) . For example, a vitamin E-deficient diet increased phospho-tau protein in mice expressing the human apolipoprotein E4 (5) , and vitamin E-deficient rats exhibited hypersecretion of corticosterone, due to impairment of glucocorticosteroid receptors in the CA1 region of the hippocampus (6) . Howard et al. showed that severe a-tocopherol deficiency induced lethal myopathy in animal models (7) .
It is well known that vitamin E deficiency induces cognitive dysfunction in rodent models (8, 9) . In a previous study, we demonstrated that vitamin E-deficient rats exhibited cognitive dysfunction in several maze tasks (10, 11) . We have been studying the mechanisms of cognitive dysfunction in this animal model, and have found evidence of apoptosis and b-amyloid-like proteins in the hipocampal CA1 region (12) , indicating that cog-nitive dysfunction in vitamin E-deficient animals may be connected with injury to hippocampal neurons. However, by the time that these signs of neuronal injury are evident, it is difficult to recover cognitive function, because the neurons are severely damaged or have died. It is therefore necessary to find markers that can identify neuronal change before the induction of cell death.
To address this problem we focused on the axons and dendrites, as they play an important role in neurotransmission (13, 14) . In the axonal transport system, axons are involved in carrying several substances including neurotransmitters and other proteins. Furthermore, a large number of synapses exist on the distal ends of axons. If there are changes in axonal function, dysfunction of neurotransmission may be induced in some neurons. Urano et al. reported that a large number of synaptic vesicles had accumulated in synapses of aged rats and young rats exposed to reactive oxygen species (15) . Previously, we reported that treatment of cerebellar granule neurons with a low concentration of hydrogen peroxide induced axon and dendrite degeneration, but not cell death (16, 17) . However, these data were from cultured models, and axonal condition in living tissues is not yet understood.
The purpose of this study was to determine whether vitamin E-deficient mice exhibit axonal degeneration or not. We focused on the hippocampal CA1 region, which plays an important role in cognitive function. We measured collapsin response mediator protein (CRMP)-2 to determine the mechanisms of morphological change in hippocampal neurons. CRMP-2, which is part of a family of cytoplasmic proteins in the brain, plays important roles in axon guidance (14, 18, 19) . In this study, we found axonal degeneration and a change in CRMP-2 expression in the hippocampal neurons of vitamin E-deficient mice. Our data illustrate that axonal degeneration in vitamin E-deficient mice may be one of the early processes underlying cognitive dysfunction.
MAtErIAls AND MEtHoDs
Animals and reagents. Normal mice were a wild-type C57BL/6 mouse strain obtained from Tokyo Metropolitan Institute of Gerontology (Tokyo, Japan). Young normal mice were 6 mo of age, and old normal mice were 24 mo of age. Vitamin E-deficient mice obtained from Japan SLC, Inc. (Hamamatsu, Japan) were fed a vitamin E-deficient diet from 4 wk to 6 mo of age. Experiments were performed on vitamin E-deficient mice at 6 mo of age. The vitamin E-deficient diet (AIN-76A) was purchased from Funabashi Farm Co., Ltd. (Chiba, Japan). All other chemical agents were obtained from either Wako Pure Chemicals Industries, Ltd. (Osaka, Japan) or Sigma-Aldrich Corporation (St. Louis, MO, USA). All other reagents were purchased from Sigma-Aldrich. All animal experiments were performed with the approval of the Animal Protection and Ethics Committee of the Shibaura Institute of Technology.
Immobilization and slices. The mice were anesthetized with chloroform, and a laparotomy was performed. The mice were bled from the heart and immobilized by a 4% paraformaldehyde (PFA) solution (Merck KGaA, Darmstadt, Germany). The brain was surgically removed and fixed with 4% PFA solution for 48 h. A paraffin solution penetrated the fixed samples, and block samples were made for slices. The block samples were set on a microtome (Rotary microtome HM330, Thermo Fisher Scientific Inc., Waltham, MA) and sliced with a thickness of 10 mm. The slice samples were plated on an egg albumin-coated cover glass and used for immunohistochemical analysis.
Immunohistochemical analysis. To quantify axonal condition in the mouse hippocampal region the continuous slice samples were stained using Bodian's method with some modifications (20) . The slice samples were stained with 1% silver protein solution (#43970, Alfa Aesar, Ward Hill, MA) at 37˚C for 20 h and were incubated with 0.5% HAuCl4 solution for 40 min. For mixing colors, the slice samples were incubated with 2% (COOH)2·2H2O solution for 30 min. Finally, the samples were fixed with 5% Na2S2O3 solution for 5 min and were dehydrated each in a different concentration of ethanol solution. To quantify nucleus condition, slice samples that were near a section of the Bodian's stained samples were stained with Mayer's hematoxylin for 5 min and 1% eosin Y solution for 1 min (the hematoxylin-eosin, H-E stain). Photomicrographs of the stained slices were taken on an Olympus IX81 phase-contrast microscope (Olympus, Tokyo, Japan) equipped with a DP72 digital camera (Olympus), stored, and then processed on a personal computer. Bodian's and H-E stain experiments were performed at least three times using different blocks.
Axonal condition. Axonal degeneration was evaluated by monitoring morphological hallmarks of neurite degeneration such as beading, accumulation and fragmentation, as described previously with some modifications (14, 21, 22) . Photomicrographs of the hippocampal CA1 region on the Bodian's stained slices were analyzed to determine axonal condition. At least 20 continuous sections of the stained slices were evaluated for beading formation in each mouse group.
The number of cells per slice and the area of cell body per cell were determined using photomicrographs of the H-E stained slices. At least, 20 continuous slices that were near sections of the Bodian's stained samples were evaluated in each mouse group. The cell count was independently confirmed by a student who was not involved in this study.
Western blotting. All samples were homogenized in phosphate buffered saline and used in Western blotting as described previously, with some modifications (17) . The lysates were centrifuged and protein content was determined using a Bio-Rad protein assay (#500-0006JA, Bio-Rad Japan, Tokyo, Japan) according to the manufacturer's procedure. Protein extracts (15 mg) were separated on 10% SDS-polyacrylamide gels and transferred to Immobilon transfer membranes (PVDF; Merck). The membranes were washed and incubated in blocking solution (Tris-HCl-buffered saline, pH 7.6 (TBS), containing 0.1% Tween 20 and 3% bovine serum albumin) for 1 h at room temperature (R/T). The membranes were washed in TBS containing 0.1% Tween 20, and then treated with anti-human CRMP-2 (C4G) mouse IgG monoclonal antibody (#11096, Immuno-Biological Laboratories Co., Ltd., Gunma, Japan) at 1 : 400 dilution overnight at 4˚C. Anti-mouse IgG HRP antibody (Promega Corp., Madison, WI, USA) was used as a secondary antibody at 1 : 4,000 dilution for 1 h at R/T.
In the microtubule-associated protein (MAP)-light chain 3 (LC3) assay, the protein extracts (15 mg) were separated on 15% SDS-polyacrylamide gels. The transferred membranes were treated with anti-human LC3 (APG8B) (N-term) rabbit IgG polyclonal antibody (#AP1802a, Abgent, Inc., CA, USA) at 1 : 400 dilution overnight at 4˚C. Anti-rabbit IgG HRP antibody (Promega) was used as a secondary antibody at 1 : 4,000 dilution for 1 h at R/T. Both Western blotting experiments were performed at least three times. All chemiluminescent signals were generated by incubation with the detection reagents (ECL Prime Western Blotting Analysis Reagent; GE Healthcare UK Ltd., Buckinghamshire, UK) according to the manufacturer's procedure. For normalization of each band of CRMP-2 or LC3, the 
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Axonal degeneration in hippocampal neurons
A large number of axonal beadings were found in hippocampal CA1 region of vitamin E-deficient and normal old mice (Fig. 1A) . The number of beadings on vitamin E-deficient mice was larger than that on the normal old mice.
The hippocampal CA1 region was morphologically similar in all three mouse groups (Fig. 1B) . The number of cells per slice in the hippocampal CA1 region was lower in vitamin E-deficient and normal old mice than in normal young mice (p,0.01) (Fig. 1C) . However, the average of cell body area was similar in all three mouse groups (p.0.9) ( Fig. 1D ).
CRMP-2 in the cerebral cortex and hippocampus
Usually, two original bands of CRMP-2 (64-and 72-kDa) were detected for a mouse brain homogenate sample on the data sheet of IBL Co., Ltd. We present the summed intensities of these two bands as total CRMP-2 expression. The total CRMP-2 expression in the cerebral cortex was lower in vitamin E-deficient and normal old mice than in normal young mice (p,0.01) ( Fig. 2A) . Furthermore, the total CRMP-2 expression in the cerebral cortex was lower in vitamin E-deficient mice than in normal old mice (p,0.05) ( Fig. 2A) . The total CRMP-2 expression in the hippocampus was lower in vitamin E-deficient mice than in normal young mice (p,0.05). The balance of the two original CRMP-2 bands in the cerebral cortex and the hippocampus of normal old mice was different to that in normal young mice and vitamin E-deficient mice (Fig. 2B) .
MAP-LC3 expression
The relative intensity of MAP-LC3 in the cerebral cortex and the hippocampus was higher in vitamin E-deficient mice than in young and old normal mice (p,0.05) (Fig. 3) . The expression of MAP-LC3 in the cerebral cortex and the hippocampus was lower in normal old mice than in normal young mice (p,0.05).
DIscussIoN
In this study we focused on identifying early markers of neuronal damage in a vitamin E-deficient mouse model. We found axonal degeneration not only in cultured models but also in brain slices. Hippocampal neurons of vitamin E-deficient and normal old mice exhibited axonal degeneration, but no morphological changes in the cell bodies. These results indicate that axonal degeneration was one of the early events that occurred before induction of cell death.
Axonal degeneration in the hippocampal CA1 region of vitamin E-deficient and normal old mice
It is well known that beading formation is a major hallmark of neurite degeneration (21, 22) . Furthermore, some reports suggest the significance of the relation between axonal degeneration and neurodegenerative disorders (23, 24) . Kambe et al. reported a relationship between axonal degeneration and hyperphosphorylation of tau (23) , and accumulation of phospho-tau is implicated in Alzheimer's disease (AD). The most typical pathological symptom of AD is cognitive dysfunction.
In this study, we found axonal degeneration in the hippocampal region of vitamin E-deficient and normal old mice. Previously, we found b-amyloid-like substances in the hippocampal CA1 region of vitamin E-deficient and normal old rats (12) . It is possible that axonal degeneration occurs in hippocampal neurons at an early stage in AD patients. The absence of morphological changes in the cell bodies of hippocampal neurons, including accumulation or aggregation of nuclei and shrinking or swelling of the cell bodies, indicates that the axonal degeneration we observed in vitamin E-deficient and normal old mice was an early event that occurred before the induction of cell death. It is well known that the hippocampal CA1 region plays a pivotal role in cognitive function (25, 26) , and it is possible that axonal degeneration of the hippocampal CA1 region of vitamin E-deficient and old mice is one of the mechanisms underlying cognitive dysfunction in these models.
Decreased expression of total CRMP-2 and increased the ratio of upper band of the CRMP-2 in vitamin E-deficient and old mice
To identify the mechanisms of axonal degeneration in the hippocampal CA1 region of vitamin E-deficient and normal old mice, we measured CRMP-2 using Western blot analysis. CRMP-2 plays a pivotal role in neurite functions (14, 18, 19) , binding to tubulin and connecting with the microtubule assembly. Changes in CRMP-2 may be expected to influence the axonal transport system. Overexpression of CRMP-2 in hippocampal neurons induces multiple axons (18) . In this study, vitamin E-deficient mice exhibited decreased total CRMP-2 expression in the cerebral cortex and the hippocampus. However, the total expression of CRMP-2 in the hippocampus was not significantly different between young and old normal mice. It is well known that the hippocampus plays a pivotal role in the central nervous system, and recently, several lines of evidence have demonstrated that neurogenesis in adult animal models occurs in the hippocampus (27, 28) . For the above-mentioned reasons, it is suggested that there may be a small difference in total CRMP-2 expression in the hippocampus between young and old normal mice.
However, in the hippocampus of normal old mice, the ratio of the upper band of CRMP-2 expression was remarkably increased. Unfortunately, we could not identify the meaning of each band of CRMP-2. However, several studies have reported the expression of multiple bands of CRMP-2 (29) (30) (31) (32) (33) . Yuasa-Kawada et al. (29) described the possibility of the existence of two CRMP-2 subtypes. These two proteins, which were termed CRMP-2A and -2B, have opposite effects. CRMP-2B exists in axons and dendrites and induces axon branching and a reduction of axon length, while CRMP-2A exists only in axons and blocks the effects of CRMP-2B. They suggest that the two CRMP-2 subtypes contribute to the maintenance of axonal condition during remodeling of microtubule organization. Castegna et al. (30) also reported that multiple spots of CRMP-2 were detected in AD brains using two-dimensional electrophoresis analysis. They identified the multiple spots of CRMP-2 was oxidative modifications. Furthermore, CRMP-2 has multiple phosphorylation sites (Thr509, Thi514, Ser518, Ser522) and can be phosphorylated by glycogen synthase kinase 3b (GSK3b) and cyclindependent kinase 5 (Cdk5) (31) (32) (33) (34) . Phosphorylation sites of CRMP-2 have crucial roles in neurite outgrowth (32) (33) (34) . CRMP-2 antibody recognized predominantly two bands on western blotting, and the two bands of CRMP-2 were also detected by pCRMP-2 antibody (31) . In our study, we also detected two bands of CRMP-2 on Western blot analysis. We speculate that the lower band of CRMP-2 may be the major original band, and other may be a phosphorylation form. Another possibility is we detected two different phosphorylation forms of CRMP-2. Anyway, the ratio of two bands of CRMP-2 may play an important role in the maintenance of neurite functions. Changes in this ratio may be connected with induction of beading formation. However, further investigation is needed to determine the relation between this ratio and axonal degeneration in vitamin E-deficient and normal old mice. We are continuing to study the meaning of changes in the balance of CRMP-2 in vitamin E-deficient and normal old mice.
Increased expression of MAP-LC3 in the cerebral cortex and hippocampus of vitamin E-deficient mice
In order to determine if the axonal transport system was damaged in vitamin E-deficient and normal old mice we assessed autophagy using Western blot analysis. Contrary to expectation, expression of MAP-LC3 was increased in the cerebral cortex and hippocampus of vitamin E-deficient mice and decreased in the cerebral cortex and hippocampus of normal old mice. MAP-LC3 is one of the major autophagy-related proteins and participates in autophagosome formation (35) . Autophagy activity decreases with aging (36, 37) . In vitamin E-deficient mice autophagy may activate to recover intracellular components that have been damaged by vitamin E deficiency. However, it does not catch up with the recovery system, resulting in the gradual appearance of beading formation in hippocampal axons. Furthermore, deficiency of vitamin E accelerates oxidative damage in the brain. Vitamin E-deficient rats have lower activity of antioxidant enzymes and increased lipid peroxidation in the brain (10, 11) . It is possible that enhancement of oxidative damage of vitamin E-deficient models affects autophagy. However, further investigation is needed to determine the relation between vitamin E-deficient derived oxidative damage and changes in autophagy function.
coNclusIoNs
These results indicate that axonal beading occurs in hippocampal neurons of vitamin E-deficient and normal old mice, extending our previous findings from cultured models (16, 17) . It is possible that axonal degeneration relates to changes in the CRMP-2 expression. Several lines of evidence demonstrate the relation between CRMP-2 and AD (30, 31, 38) . For example, Cole et al. reported that hyper-phosphorylation of CRMP-2 is an early event in AD progression (31) , and CRMP-2 is significantly oxidized in the AD brain (30) . These data strongly suggest that changes in CRMP-2 may be relevant to AD progression. In the near future, we hope to examine the relation between axonal degeneration and age-related and AD-derived cognitive dysfunction.
